The screening of potential drugs specifically binding to polydeoxyadenosine (poly(dA)) has been of great interest in recent studies. We have developed a simple colorimetric strategy through the mechanism of target induced split G-quadruplex formation for detecting coralyne, a poly(dA)-binding drug with noticeable antitumor activity. Two DNA oligonucleotides containing a split G-quadruplex sequence and an adenine-rich sequence are used in our strategy. In the presence of coralyne, the adenine-rich sequences of two oligonucleotides are drawn into close proximity, resulting in the formation of a split G-quadruplex DNAzyme that catalyzes the generation of a colored product. The DNAzyme-based colorimetric assay for coralyne has a linear range of from 0.033 to 1.667 μM with a low detection limit of 16 nM. The developed method is simple, cost-effective and visible; it holds great potential for applications in drug screening.
Introduction
Nucleic acids have vital physiological functions, 1 and are intimately related to pathogenic infections and genetic disorders. 2, 3 The molecular recognition of nucleic acids is thus of great significance for exploring the cause of disease and developing relevant drugs. It has been reported that Z-DNA, triplex DNA, G-quadruplex structures, mismatched and bulged DNA, three-way and four-way junctions, and aptamers can be specifically recognized by different small ligands. [4] [5] [6] [7] [8] [9] [10] [11] Although the interactions between various ligands and nucleic acids have been investigated, to the best of our knowledge there are few reports about specific recognition between ligands and adeninerich nucleic acids. Polydeoxyadenosine (poly(dA)), a kind of adenine-rich nucleic acids, plays important roles in many biological processes as well as in the self-assembly of nanomaterials. [12] [13] [14] [15] [16] [17] Many poly(dA) tracts, special DNA sequences containing poly(dA), may affect the chromatin structure by excluding nucleosomes and assisting in the entry of transcription proteins. 12, 13 In addition, the poly(dA) sequence in most eukaryotes is sensitive to nucleases, and thus it may serve as a major DNA marker. 12, 13 Due to these characteristics, the screening of potential drugs specifically binding to the poly(dA) sequence has been attracting increasing interest in recent years.
Coralyne (13-methyl [1, 3] benzodioxolo [5, 6 -c]-1,3-dioxolo- [4,5-i] phenanthridium) (MW = 418), a kind of planar alkaloid with a crescent shape, was reported to restrict leukemia growth and exhibit anti-leukemic activity in animal models. 18, 19 The basis for the biological activity of coralyne might be the formation of intercalated complexes with cellular DNA. 18, 20 It has been demonstrated that coralyne has a high potency in inducing topo I-mediated DNA cleavage in vitro, 21 and exhibits effective poisoning activity against topo I. 22 Coralyne was also found to bind specifically to poly(dA) with an apparent association constant of (1.05 ± 0.1) × 10 5 M -1 , 23 and can promote the formation of an anti-parallel homoadenine duplex with a stoichiometry of one coralyne per four adenine bases and with a cooperative melting transition of around 50 C. [14] [15] [16] The homoadenine-coralyne structure can be incorporated into duplex structures that include Watson-Crick pairs. 15 Coralyne is capable of driving the formation of adenosine2-coralyneadenosine2 (A2-coralyne-A2) complexes, 16 which are similar to the Hg 2+ -and Ag + -induced conformation change of poly(dT) and poly(dC), 24, 25 respectively. The binding strength of non-Watson-Crick base pairs exhibits the following trend: T-Hg 2+ -T > A2-coralyne-A2 > C-Ag + -C. 26 Therefore, the assay strategy would be feasible by virtue of the special interaction between coralyne and poly(dA).
Previous methods available for investigating the binding of coralyne to poly(dA) (or poly(A)) include circular dichroism spectroscopy, 14 UV-vis melting experiments, 14 gel electrophoresis 15 and isothermal titration calorimetry. 27 Recently, some novel approaches for studying the interaction between coralyne and poly(dA) have emerged, but only a few strategies have been developed for the quantitative detection of coralyne. [28] [29] [30] [31] [32] [33] Wang et al. developed, respectively, AuNP-based colorimetry to quantify coralyne; however, the aggregation of metal nanoparticles is difficult to be controlled due to ubiquitous disturbances, such as the variation of the salt ion concentration, temperature, pH value and other experimental parameters, which could increase the complexity of operation and have an adverse effect on the reproducibility of their methods. Yang et al. reported a quantitative assay of coralyne based on dual polarization interferometry (DPI) that depends on the mass, thickness, and refractive index (RI) changes in the surface layer of a silicon oxynitride chip, but the experimental process is complicated and requires professional staff. Huang et al. detected coralyne based on the binding chemistry of aptamer and graphene oxide (GO) as well as the excellent fluorescence quenching ability of GO. However, this method requires time-consuming and labor-intensive steps for synthesizing GO sheets.
G-quadruplex DNAzymes have been widely used to develop label-free sensors 34, 35 that have a significant advantage of avoiding the expensive and tedious labeling process. A split G-quadruplex DNAzyme, which retains peroxidase-like activity, consists of two or more separated sequences from G-quadruplex DNAzyme. Based on the more flexible design for sensors, split G-quadruplex DNAzymes have attracted increasing interest for the detection of various targets, including proteins, 36 DNA, 37 small molecules 38 and metal ions. 39 According to the aforementioned reasoning, we propose a label-free strategy for quantifying coralyne based on the target-induced formation of spilt G-quadruplex DNAzyme, which can catalyze the oxidation of 2,2′-azino-bis (3-ethylbenzthiazoline)-6-sulfonic acid (ABTS 2- ) into a colored product, giving a colorimetric readout signal. Because of the construction of the split G-quadruplex, the proposed strategy is convenient, cost-effective and visible to the naked eyes. The ingenious design of DNA probes is expected to possess high sensitivity for detecting coralyne. The proposed method might provide an alternative choice for studying coralyne and related physiological functions.
Experimental

Materials and chemicals
Coralyne chloride hydrate (coralyne), Triton X-100, hemin, H2O2, 2,2′-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS 2-) and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid sodium salt (HEPES) were obtained from Sigma-Aldrich (St. Louis, MO). Rhodamine B and methylene green were purchased from Beijing Chemical Reagent Company (Beijing, China). NEB buffer (500 mM NaCl, 100 mM Tris-HCl, and 100 mM MgCl2, pH 7.9 or 10× NEB buffer 2) was purchased from New England Biolabs Ltd. (Beijing, China). Berberine chloride and jatrorrhizine chloride were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). SYBR Green I (10000× concentrate) was supplied by Life Technologies Corp. (USA). All other reagents were of analytical grade and used freshly without further purification. Deionized and sterilized water (resistance > 18.2 MΩ) was used throughout the experiments. All DNA oligonucleotides were synthesized and purified by Sangon Biotechnology Co., Ltd. (Shanghai, China). The sequences of oligonucleotides are given as follows:
Hairpin probe (HP): 5′-CTC AAA AGA AAA TCG TAT TAG CTC TCA ATC AGA GAG CTA ATA CAG GGT GGG TGG G-3′ Probe 1 (P1): 5′-GGG AGA AAA ACA AAA GAG-3′ HP was firstly diluted with NEB buffer 2, and then being treated through a quenching process to form hairpin structure, the resulting solution was then stored at 4 C for later use.
Apparatus
UV-vis absorption measurements were performed at room temperature using a Shimadzu UV-2450 spectrophotometer with HYPER UV Version 1.50 Software; the absorption spectra were collected from 400 to 500 nm. The absorption intensity at 420 nm was chosen to evaluate the performance of the proposed assay. The melting temperature (Tm) was measured using a C1000 Thermal Cycler (Bio-Rad, Hercules, CA). Circular dichroism (CD) spectra were collected on a Bio-Logic MOS-500 circular dichroism spectrometer (France).
Procedures of coralyne detection
The assay procedures for coralyne can be briefly described as follows. Firstly, the reaction mixture containing 167 nM HP, 167 nM P1, various concentrations of coralyne and 1× NEB buffer 2 was incubated at room temperature for 30 min. After equilibrium, 1 μL of hemin (10 μM, prepared in DMSO), 10 μL of 10× HEPES (250 mM HEPES, 2 M NaCl, 100 mM KCl, and 0.5% Triton X-100, pH 5.2) and deionized water were added to the above mixture to give a reaction volume of 80 μL. Next, the reaction mixture was allowed to stand at 37 C for 30 min to form the hemin/G-quadruplex HRP-mimicking DNAzyme. Finally, 8 μL of 20 mM ABTS 2-, 10 μL of 50 mM H2O2 and 2 μL H2O were added to give a final volume of 100 μL, and incubated at room temperature. After 10 min, the UV-vis absorption spectra were measured and recorded on a Shimadzu UV-2450 spectrophotometer. The absorbance intensity at 420 nm was used to quantify the target coralyne.
Melting curve analysis
In order to further explore Tm of the probe HP and P1 in the absence or presence of coralyne, a mixture solution containing 200 nM HP, 200 nM P1, 10 μM coralyne, 1× NEB buffer 2 was incubated at room temperature for 30 min. After adding 1×conc. SYBR Green I, the temperature of the detecting solution was increased from 4 to 90 C with an increment rate of 1.0 C/5 s. The fluorescent signals were recorded throughout the melting analysis process, and the data were analyzed using CFX Manager Software.
Circular dichromism measurements
CD experiments were performed using a circular dichroism spectrometer at 25 C. CD spectra were collected from 230 to 320 nm in a 1 cm pathlength cuvette, and averaged from 3 scans at a scan speed of 1 nm/s and a bandwidth of 1 nm. The final system included 5 μM HP, 5 μM P1, 5 μM hemin and 250 μM coralyne in 1× HEPES buffer, respectively.
Results and Discussion
Design of DNA probes and principle of the coralyne detection Scheme 1 depicts the design principle and mechanism involved in the label-free colorimetric assay for coralyne. Probes HP and P1 are both designed to include two regions: one for the split G-quadruplex sequence from a peroxidase-minic DNAzyme, and one for the adenine-rich sequence. HP has a hairpin structure under appropriate hybridizing conditions. Its sequence is designed to contain four regions (I, II, III, IV). Region I (5′-AGGGTGGGTGGG-3′) is composed of three-fourths of the G-quadruplex sequence, region III (a double-strand structure: 5′-GTAT TAGCTCTC-3′/3′-CATAATCGAGAG-5′) stands for the stem of the HP, region IV (5′-AATCA-3′) is the loop of HP, and region II (5′-CTCAAAAGAAAATC-3′) contains the adenine-rich sequence. Probe P1 is composed of two regions (I′, II′): region I′ (5′-GGGA-3′) contains one-fourth of the G-quadruplex sequence, and region II′ (5′-GAAAAACAAAAGAG-3′) is the adenine-rich sequence that can bind to the adenine-rich sequence in region II of the probe HP through A2-coralyne-A2 coordination. In the absence of coralyne, the adenine-rich sequence of probe HP cannot hybridize with that of probe P1; the split G-quadruplex sequences of both HP and P1 exist predominantly in a free and random-conformation state. There are thus few G-quadruplex structures in the system to form the peroxidase-minic DNAzyme, resulting in low catalytic activity and a concomitant weak colorimetric signal. After the addition of the target coralyne, the adenine-rich sequences of both HP and P1 can form a stable duplex, which draws the separated split G-quadruplex sequences into close proximity to form a G-quadruplex structure. The G-quadruplex structure thus formed can bind to hemin and exhibit peroxidase activity, which catalyzes the H2O2-mediated oxidation of ABTS 2-into a colored product, yielding an appreciable colorimetric signal. Therefore, the developed colorimetric assay strategy allows a convenient quantification for coralyne.
It has been reported that the strategy of an asymmetrical split G-quadruplex (3:1) has better sensitivity compared with that of a symmetrical split G-quadruplex (2:2), leading to the lower detection limit. 40, 41 Based on this point, we choose the 3:1 split G-quadruplex to construct the coralyne assay, so probes HP and P1, respectively, consist of three-fourths and one-fourth of the G-quadruplex sequence. In addition, the design of the hairpin structure of HP could effectively avoid autonomous formation of the split G-quadruplex structure by HP and P1 or two HP strands in the absence of coralyne, which was demonstrated in our exploring experiment (data not shown). The reason might be that the hairpin structure of HP has a larger steric hindrance than that of probes without that structure. Moreover, the adenine-rich regions binding to coralyne are intercalated by other bases, which prevents two HP or P1 strands from forming a DNA duplex, and HP or P1 itself folding into double-stranded structures in the presence of coralyne. Besides, this design could enhance the binding strength between adenine-rich regions and coralyne by base complementation. Based on these factors, our strategy results in good performance in sensitivity.
Validation of the assay principle
A proof-of-principle experiment was performed to verify the feasibility of the proposed strategy. Figure 1 displays the absorption spectra under different conditions. Control experiments were all conducted in the presence of hemin. One could observe a low-background absorbance when only hemin existed (curve 1), which originated from the low intrinsic peroxidase-like activity of hemin. Upon the addition of P1, the absorption signal increased to some extent (curve 2), probably due to the fact that P1 contains one poly(dG) domain, and four P1 strands could self-assembled into an intermolecular G-quadruplex. When adding HP instead of P1, a stronger absorption intensity (curve 3) was observed, which is attributed Scheme 1 Schematic illustration of the coralyne assay based on target induced split G-quadruplex formation. to the formation of intermolecular G-quadruplex by three poly(dG) domains of HP. In the presence of HP and P1, a slight higher absorption intensity (curve 4) than curve 3 was obtained, because of the generation of more intermolecular G-quadruplexes. Moreover, after the addition of 8.33 μM coralyne, a significant strong absorption signal (curve 5) could be observed, which indicates that a large number of split G-quadruplexes are obtained due to the target-induced formation of DNA duplexes. As shown in the Fig. 1 inset, the depth of colors corresponding to above curves is clearly distinguishable.
Study of melting temperature
As shown in Fig. 2 , we observed that, in the derivative curve for the mixture of Probe HP and P1 in the absence of coralyne, there is only one appreciable peak, which is attributed to melting (unfolding) of the haipin structure in HP. In contrast, in the derivative curve for the mixture of Probe HP and P1 in the presence of coralyne, two appreciable peaks appear, indicating melting of the complex of HP-coralyne-P1. 
CD spectroscopic analysis
The formation of a 3:1 split G-quadruplex structure has been confirmed by CD measurements, as shown in Fig. 3 . For the HP solution (5 μM), there is a negative peak at 245 nm and a positive peak at 271 nm (curve a), revealing that the B-form DNA double helix and "parallel" intermolecular G-quadruplex both exist in the probe HP. 42 After the addition of P1 (5 μM), an obvious blue shift from 271 to 267 nm and an enhanced signal at 267 nm (curve b) were observed at the CD wavelength maximum, indicating the formation of a certain amount of split "parallel" G-quadruplex structures between HP and P1. In the presence of coralyne, the peaks at 267 and 245 nm (curve c) both increased significantly, suggesting that coralyne induces the formation of a much higher amount of split "parallel" G-quadruplex structures between HP and P1.
40,43
Optimization of experimental conditions
The detection of coralyne is correlated with the experimental conditions, such as the concentration ratio of P1 to HP and the binding temperature of coralyne and adenine-rich sequences. In order to achieve the best assay performance, a series of systematic optimization experiments aiming at these conditions were performed. Figure 4 describes the absorbance ratio (A/A0) in correlation with the concentration ratio of P1 to HP and the binding temperature of coralyne and adenine-rich sequences. As shown in Fig. 4A , the background and signal absorption intensity both increased with the increasing concentration ratio of P1 to HP; when the concentration ratio reached 1, the maximum A/A0 value was obtained. Therefore, the same concentration (167 nM) of P1 and HP was chosen to be the optimal setting in the assay experiments.
The binding temperature of coralyne and adenine-rich sequences is also an important factor that could have an effect on the coralyne assay. 26 As shown in Fig. 4B , the A/A0 value increased slowly at first up to 25 C, and then decreased sharply. Thus, the maximum A/A0 value was achieved at 25 C and this optimal temperature was used throughout subsequent experiments.
Moreover, the concentrations of ABTS 2-, hemin and H2O2 influence the sensing performance and were thus also studied. The concentration of ABTS 2-was examined ranging from 0.2 to 3.0 mM, as depicted in Fig. 5A . The A/A0 value increased with increasing concentration of ABTS 2-, and then tended to level off at 1.6 mM. Further, the addition of ABTS 2-would not cause a stronger optical signal. Thus, the optimal concentration of ABTS 2-was chosen to be 1.6 mM. As shown in Fig. 5B , the A/A0 value exhibits a peak-shape dependency on the concentration of hemin with a maximum achieved when using 125 nM hemin. A higher concentration of hemin would cause an increased background absorbance, which would lower the A/A0 value. Thus the optimal concentration of hemin was selected to be 125 nM, and was used throughout subsequent experiments. The concentration of H2O2 was also evaluated, and 5 mM was chosen as the optimized concentration, as displayed in Fig. 5C . 
Sensitivity of the coralyne assay
To evaluate the sensitivity of the developed strategy for the quantitative detection of coralyne, a series of concentrations of coralyne were analyzed under the optimized conditions. As shown in Fig. 6A , the UV-vis absorption spectra corresponding to various concentrations of coralyne were observed. The absorption intensities increased when the coralyne concentrations was raised from 0 to 8.33 μM, indicating that the formation of the split G-quadruplex is highly dependent on the amount of coralyne. The inset of Fig. 6A shows photographs of several selected samples with different concentrations, which demonstrates that the naked-eye detection of coralyne is feasible. In Fig. 6B , the absorption intensities at 420 nm corresponding to different concentrations of coralyne were examined. The inset of Fig. 6B shows that the absorption intensity exhibits a good linear correlation to the concentration of coralyne in the range from 0.033 to 1.667 μM. The detection limit of this method was estimated to be 16 nM according to the 3σ rule, which is better or comparable to previously reported methods. [28] [29] [30] [31] [32] [33] The excellent sensitivity mainly relies on the ingenious design of probes HP and P1 as well as the application of the split G-quadruplex DNAzyme. Besides the high sensitivity, the developed strategy also shows good reproducibility due to its homogeneous assay format with simple operations. Therefore, the strategy can be used for the quantitative detection of coralyne.
Selectivity study
We further investigated the selectivity of this method because it is very crucial to evaluate whether the proposed strategy is practicable. The concentration of interfering substances was determined to be 8.33 μM, close to their saturation concentration. As shown in Fig. 7 , we examined interference effects of several potential substances, such as two typical DNA intercalating ligands, methylene green (MG) and rhodamine B (RB), as well as two drugs with a similar molecular structure as coralyne, berberine and jatrorrhizine.
When MG, berberine and jatrorrhizine were added, respectively, a weaker absorbance change was observed. The addition of RB caused only a negligible absorbance change. These results demonstrate that the strategy owns a high selectivity towards coralyne.
Conclusions
In conclusion, we have developed a simple, cost-effective colorimetric strategy for a highly sensitive and selective detection of carolyne based on target induced split G-quadruplex formation. This strategy exhibits several advantages. Firstly, only two DNA probes are used to construct the quantitative assay of coralyne, and thus this strategy is cost-effective and very simple in operation. Secondly, the hairpin design of the DNA probe and the employment of the split G-quadruplex DNAzyme provide the method with low background and high sensitivity as low as 16 nM. Thirdly, the application of the colorimetric measurement technique makes a visual assay possible without the requirement of any complicated instruments, and thus this visual strategy could be extended to large-scale applications. Finally, this method shows excellent selectivity towards coralyne. In view of these advantages, the proposed strategy could have a great potential to study the interaction of coralyne with poly(dA), and furthermore to develop related drug candidates. 
